Abstract. Pharmaceutical countermeasures to treat disuse osteoporosis are rarely studied. Pharmaceutical studies for the treatment and prevention of osteoporosis depend on the ovariectomized rat model, which is a suitable model for the disease in women. Disuse osteoporosis affects men and women, but there is lack of awareness and relevant pharmaceutical studies for this condition. The objectives of this study were to verify the validity of an unusual tail-suspension rat model in the induction of disuse osteoporosis and subsequent pharmaceutical treatments. This model was created by unloading the hind limbs of the rats in order to create a state of weightlessness in their hindlimb bones. Validation of the model was performed with nonsuspended rats. This study included five groups of suspended rats fed with different agents, such as distilled water (control), high-, medium-and low-dose raloxifene and a bisphosphonate (alendronate). The experiment lasted for 28 days. Comparisons were made between the suspended control and treatment groups. Ovariectomized and sham-operated rats were also included as a reference for bone changes during osteoporosis. Changes in bone mineral density (BMD) at the distal femur and proximal tibia, microarchitecture at the distal femur and biomechanical strength at the diaphyseal femur were studied. Reduction of BMD and deterioration of trabeculae were similar between the suspended control and ovariectomized rats. Loss of BMD induced by tail suspension was reduced most effectively by medium-dose raloxifene. Deterioration of trabecular microarchitecture was also prevented by raloxifene. The tail-suspension rat model is suitable for the study of disuse osteoporosis under the effects of various therapeutic agents. The preventive effects of raloxifene against bone loss under disuse conditions have been demonstrated using this model.
Introduction
Disuse osteoporosis is defined as localized or generalized bone loss induced by a reduction of mechanical loading on the skeleton (1) . Since physical activity is one of the important factors required to maintain an adequate bone remodeling rate and bone mass (2, 3) , prolonged removal of mechanical stimuli on bone cells may lead to osteoporosis (4, 5) .
Microgravity is one of the main causes of disuse osteoporosis. The development of disuse osteoporosis among astronauts during spaceflight is well known (6, 7) . One study showed that astronauts experienced 1-2% loss of bone mass each month in the microgravity environment and this resulted in osteopenia (8) . Another study also reported 6.8 and 7.8% of bone mineral density (BMD) loss at the trochanter and femoral neck regions, respectively, in cosmonauts and astronauts following flights (9) .
Another possible factor related to osteoporosis is low body weight. Mechanical loading on the skeleton is reduced when body weight decreases. Low body weight has been found to be associated with a high prevalence of osteoporosis (10, 11) . A recent publication reported that men who were underweight or normal weight have a higher chance of osteoporosis and a higher fracture risk than those who were overweight or obese (12) .
The tail-suspension (TS) rat is a new animal model for studying the biological mechanisms, treatment or prevention of disuse osteoporosis. This model has been used in studies relating to microgravity, since it mimics certain aspects of exposure to microgravity by inducing a state of weightlessness on the hindquarters of the animal, thereby producing a cephalic fluid shift (13) . Effects of disuse on the unloaded hindlimb bones have also been well observed (14, 15) . Therefore, this animal model may be utilized to study bone changes associated with disuse, weightlessness or low body weight. This new model provides a good alternative for the study of osteoporosis, which uses ovariectomized female rats as the standard in vivo model.
Estrogen is important in the adaptive response of bones to load. It may lower the threshold of bone sensitivity to mechanical loads (16) and was suggested to have an amplifying effect on the osteogenic response to strain (17) . Estrogen receptor α has also been shown to be involved in the response of bone WING SUM SIU  1-3 , CHUN HAY KO  2,3 , LEUNG KIM HUNG  1 , CHING PO LAU  2,3 ,   CLARA BIK SAN LAU   2,3 , KWOK PUI FUNG 2,3 and PING CHUNG LEUNG cells to mechanical strain (18) . To avoid the adverse effects of estrogen, synthetic pharmaceutical agents resembling estrogen, selected estrogen receptor modulators (SERMs), were created to prevent bone loss due to disuse. Raloxifene is one of the SERMs commonly used to tackle postmenopausal osteoporosis (19, 20) . In this study, we investigated whether raloxifene exhibited an osteoprotective effect on osteoporotic bone induced by the state of weightlessness in the tail-suspension rat model. At the same time, bone strength, which is dependent on both the material and micro-architectural properties of bone, was studied.
Effect of anti-osteoporotic agents on the prevention of bone loss in unloaded bone

Materials and methods
Animals and grouping. In total, 46 male and 18 female 3-month-old Sprague-Dawley rats (weighing 446.0±38.4 g and 225.2±15.4 g, respectively) were obtained from the Laboratory of Animal Services Centre of the Chinese University of Hong Kong. The rats were housed in a temperature-(25˚C) and light-controlled (12-h light/dark cycle) environment. After seven days of acclimatization, the male rats were divided into six groups: tail-suspension control (TS) group, non-tail suspension control (Non-TS) group, tail-suspension with high-, medium-or low-dose raloxifene hydrochloride (Evista, Eli Lilly, Indianapolis, IN, USA) (TS-RH, TS-RM and TS-RL, respectively) groups or the alendronate (Fosamax, Merck Sharp & Dohme, Whitehouse Station, NJ, USA) (TS-A) group as the positive control. The female rats were divided into two groups: ovariectomy (OVX) and sham control (Sham). At least six rats were included in each group.
In the Non-TS group, rats were allowed to move freely (without hindlimb unloading). In the TS, TS-RH, TS-RM and TS-RL groups, the tails of the rats were suspended in order that their hind limbs were unloaded. Using a gastric tube, rats in the TS-RH group received raloxifene at a dose of 2.5 mg/kg/day orally while those in the TS-RM and TS-RL groups received raloxifene at a dose of 1.25 and 0.625 mg/kg/ day, respectively. Rats in the TS-A group received alendronate at a dose of 1.0 mg/kg/day. The dose of the TS-RM and TS-A groups was designed based on the human clinical dose, which is ~1.0 and 0.17 mg/kg/day, respectively. The drugs were dissolved in distilled water. Rats in the TS and Non-TS groups received distilled water vehicle (2.0 ml/day). Rats in the OVX group were ovariectomized bilaterally, while those in the Sham group underwent sham surgery. Sham and OVX groups were non-tail suspended.
The animals were allowed access to standard rodent chow and water ad libitum throughout the study. At the end of the study, rats were euthanized by an overdose of ketamine and xylazine cocktail intravenously. Body weights of the animals were recorded at the beginning and end of the study. Tail-suspension model. The protocol of the tail-suspension was modified from that of Morey-Holton and Globus (21) . The tail of each rat was suspended by applying an adhesive tape on its lateral surfaces and then secured by three surgical tapes applied circularly. The loop of the adhesive tape at the tip of the tail passed through a metallic hollow column, which was then connected to a free rotating hook. The hook was hung on an overhead bar. As a result, the rat was maintained in an ~35˚ head-down tilt with its hind limbs unloaded, while its forelimbs could be used for locomotion. The overall suspension period was 28 days. This new model of hindlimb bone osteoporosis was to be compared with the conventional ovariectomy model. Ovariectomy was performed under general anesthesia in the usual manner. A sham-operation group was created as a control.
Study of bone structure Peripheral quantitative computed tomography (pQCT).
Changes in BMD at the distal femoral metaphysis and proximal tibial metaphysis of the rat were studied using pQCT (XCT2000, Stratec Medizintechnik GmbH, Pforzheim, Germany). Quality assurance of measurements was confirmed by using the hydroxyapatite cone and standard phantoms prior to the scanning of the rats each time. The rat was fixed on a custom-made translucent plastic holder to ensure repeatable positioning. The right distal femur and proximal tibia were scanned at a voxel resolution of 0.2 mm. The analytical parameters for trabecular BMD were set as threshold 280 mg/ cm 3 , contour mode 1 and peel mode 20. The parameters for cortical BMD were set as threshold 551 mg/cm 3 and peel mode 2. The trabecular bone region was defended by setting an inner area to 35% of the total cross-sectional area.
Micro-computed tomography (micro-CT).
The micro-architecture of the left distal femur was analyzed using a micro-CT (MicroCT 40, Scanco Medical, Bassersdorf, Switzerland). The scanning was conducted at 55 kVp and 144 µA with a resolution of 16 µm per voxel. Segmentation parameters were: Sigma, 0.5; support, 1.0; and threshold, 245. The micro-architectural parameters, including bone volume density (BV/TV), connectivity density (Conn.D.), structure model index (SMI), trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular plate separation (Tb.Sp), were obtained.
Biomechanical test.
The right femur of the rat was harvested for a three-point bending test using a Hounsfield material testing machine (KM25, Redhill, United Kingdom) with a 250 N load-cell. The span of the lower supports was 20 mm. The mid-shaft of the bone was loaded at a constant speed of 5 mm/min in a medial-lateral approach until failure. Loads at yield, maximum (ultimate) and break (failure) were recorded for analysis. Young's modulus (stiffness) was calculated as the steepest slope of the elastic region of the strength-displacement curve of the test.
Statistical analysis. The differences between the TS and Non-TS groups, and the OVX and Sham groups were analyzed by the Student's t-test. Percentage differences of BMD between different time intervals in each group and comparisons of BMD, micro-architectural and biomechanical parameters between drug treatment groups and the TS group were tested using one-way ANOVA, followed by the post-hoc Dunnett's test. There was no direct statistical comparison between the TS and OVX groups on micro-architectural and biomechanical parameters, since the two groups consisted of different genders and had different bone sizes. Statistical analyses were performed by using the Statistical Package of Social Science (SPSS) version 16.0 for Windows and were carried out at the 5% level of significance (P<0.05). Data are expressed as the means ± standard error of mean (SEM).
Results
Body weight. There was no difference in body weight among the various tail suspension groups. All the animals were observed without any adverse effects throughout the study.
Validation of the tail-suspension rat model
Changes of BMD. Femoral and tibial BMD was significantly reduced in total and in the trabecular regions in both the OVX and TS groups at day 14 and 28 (P<0.05 for femoral total and tibial trabecular of the TS group at day 14, P<0.01 for others) ( Table I ). The mean percentage difference of total and trabecular BMD of the two groups was similar at each time point. Moreover, the region with the most BMD loss of the two groups was the trabecular region. For the cortical BMD, there was no significant difference from baseline in both the OVX and TS groups at the proximal tibia. The cross-sectional comparison showed that the mean percentage difference of BMD at all three regions of the OVX and TS groups was significantly lower than that in the Sham and Non-TS groups, respectively, at days 14 and 28 (Table I) .
Differences in micro-architecture. BV/TV was reduced significantly in the OVX (-18.0%) and TS (-26.7%) groups when compared with the Sham and Non-TS groups, respectively (P<0.05 for both) (Table II) . A significant increase in SMI was also observed when the OVX group was compared with the Sham group, as well as when the TS group was compared with the Non-TS group. Tb.N and Tb.Th were reduced in the OVX and TS groups, although a significant difference was found in Tb.Th of the TS group only. Tb.Sp was found to be increased slightly in the OVX and TS groups, but a significant difference was observed in the TS group only. (Fig. 1A) . When compared with the TS group horizontally, the mean percentage difference of total BMD was significantly lower in other drug-treated groups at day 28 (P<0.001 for the TS-RH and TS-RM groups; P<0.05 for the TS-RL group; P<0.01 for the TS-A group).
In the trabecular region, there was no significant reduction of BMD in the TS-RM and TS-A groups throughout the study (Fig. 1B) . However, the BMD was reduced significantly in the TS-RH (P<0.05 and P<0.01 for days 14 and 28, respectively) and TS-RL (P<0.01 for both time points) groups compared with baseline. A cross-sectional comparison with the TS group showed that the mean percentage difference of the TS-RH, TS-RM and TS-A groups was significantly lower than the TS group at day 28 (P<0.01 for TS-RH group, P<0.001 for both TS-RM and TS-A groups). The same observation was made at day 14 in the TS-RM group (P<0.01).
The cortical BMD of drug-treated groups was either unchanged or increased slightly when compared with baseline (Fig. 1C) . The mean percentage difference of all raloxifene-treated groups, with the exception of the TS-RH group at day 14, was significantly higher than the TS group.
The cross-sectional comparison showed that there was no significant difference in BMD in the three regions when the raloxifene-treated groups were compared with the TS-A group. Proximal tibia. Total tibial BMD was reduced significantly in the TS group (P<0.01 for both time points), but not in the TS-RM and TS-A groups, throughout the experimental period ( Fig. 2A) . No significant decrease was observed in the TS-RH group at day 28 and in the TS-RL group at day 14. At day 28, the mean percentage difference of the TS-RH and TS-RM groups was lower than that of the TS group (P<0.05 and P<0.001, respectively).
For the trabecular region, no significant BMD loss was observed in TS-RH, TS-RM and TS-A groups throughout the tail-suspension period (Fig. 2B) . The mean percentage difference of the TS-RM group was significantly lower than the TS group at day 28. No significant change of tibial cortical BMD from baseline was found throughout the study in all the drug-treated groups (Fig. 2C) .
Similar to the distal femur, no significant difference was observed in BMD in the three regions when raloxifene-treated groups were compared with the TS-A group horizontally in the proximal tibia.
Differences in micro-architecture. Loss of BV/TV and Tb.Th was mitigated significantly when the tail-suspended rats Table III . Means ± standard error of mean (percentage difference of mean from TS group) of the structural indices of different groups of rats assessed using micro-computed tomography. 
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were treated with high-or medium-dose raloxifene. These two parameters in the TS-RH and TS-RM groups were significantly higher than those of the TS groups (Table III) . The reduction of Tb.N was also retarded when raloxifene was administered. Tb.N was significantly higher in the TS-RM and TS-RL groups than that in the TS group (Table III) . Tb.Sp was found to be similar to normal levels (0.25 mm as in the Non-TS group, Table II ) with raloxifene administration. A significant difference of Tb.Sp was found when the TS-RH group was compared with the TS group (p<0.05) ( Table III) . The differences in Tb.Sp between the TS-RM and TS groups, as well as the S-RL and TS groups, were marginally significant (p=0.097 and 0.083, respectively).
In the TS-A group, significant differences in BV/TV, SMI and Tb.Th were observed when compared with the TS group (Table III) . Nonetheless, there was no statistical difference in any of the micro-architectural parameters when the TS-A group was compared with the three raloxifene-treated groups.
Biomechanical properties of bone assessed by the three-point bending test. Losses of biomechanical properties were observed in the femoral diaphysis of the TS group. Yield load, ultimate load and failure load in the Non-TS group were significantly higher than those in the TS group (Fig. 3A-C) . Raloxifene treatment at high-and medium-dose appeared to retard the loss of these biomechanical properties; however, this was not statistically significant. Stiffness of the femur was also reduced significantly after tail-suspension (-24.8% when the TS group was compared with the Non-TS group, P<0.001) (Fig. 3D) . However, treatment with alendronate prevented the reduction of stiffness and a significant 18.1% higher stiffness was observed when the TS-A group was compared with the TS group (P<0.01). Similarly, raloxifene at high-and medium-doses showed, although insignificantly, higher stiffness values than those found in the TS group. There was no significant difference in the four biomechanical parameters when the raloxifene-treated groups were compared with TS-A group.
Discussion
In order to confirm that the TS rat is a valid animal model for the study of osteoporosis and is comparable to the OVX rat model, a group of OVX rats was also included in this study. The bone material, micro-architectural and biomechanical properties were compared. The changes of BMD in the OVX and TS groups were found to be comparable. The percentage loss of total or trabecular BMD in the femur and tibia of the TS group was similar to that of the OVX group in the 28-day experiment. The region where the highest reduction of BMD occurred was the trabecular region. Higher percentage bone loss was observed in the trabecular region than in the cortical region in the femur and tibia of the two groups. Similar findings were observed by Bloomfield et al (14) . The authors reported that cancellous BMD at the proximal tibia and femoral neck of their rats was significantly lowered by 21 and 20%, respectively, after 28 days of hindlimb unloading. Our results were also consistent with the observation that cosmonauts experience selective loss of cancellous bone mineral density after 6 months of spaceflight (8) . In the micro-architectural analysis, almost all parameters of the two groups were similar at the end of the study. This observation was similar to those obtained in a reported study, in which a micro-CT was used to evaluate the bone architecture of immobilized osteoporotic rats (22) . From the biomechanical point of view, the bone strengths, including yield, ultimate and failure load of the TS and OVX groups were lower than those of the other groups. These findings revealed that, from the bone material, micro-architectural and biomechanical perspectives, the effects of weightlessness on weight-bearing bones are comparable to those of ovariectomy in experimental rats. This new model is particularly suitable for the study of bone changes in male animals, although orchidectomy has been used as a valid model in previous studies (23, 24) .
The most frequently tested drugs in pharmaceutical studies using TS rats are bisphosphonates. An 80% decrease in bone mass was fully prevented by high-dose tiludronate after 23 days of treatment in hindlimb unloaded rats (25) . However, concerns have been raised about potential over-suppression of bone turnover during the long-term use of bisphosphonates. There is increasing evidence showing that subtrochanteric or proximal diaphyseal femoral fracture is related to long-term bisphosphonate use (26, 27) . Jaw osteonecrosis has also been found to be associated with bisphosphonate therapy in recent years (28, 29) . Risedronate was also reported as being unable to overcome the intense stimulus for osteoclast recruitment in long-term disuse osteoporosis (30) .
The effect of raloxifene on disuse osteoporosis has been demonstrated in the present study. Reduction of BMD after tail-suspension in the raloxifene-treated groups was lower than that in the TS group. Raloxifene at 1.25 mg/kg/day (TS-RM) was the most effective among the three doses tested. It significantly protected the femur and tibia of the rats against bone deterioration within 28 days of tail-suspension. The protection was found not only in the trabecular bone, but also in the cortical bone at the metaphysis. Results showed that there was no significant reduction in total, trabecular and cortical BMD in both the distal femur and proximal tibia of the TS-RM group. The micro-architectural properties of the trabecular bone on the distal femur were also improved by raloxifene at this dosage. Bone volume density, trabecular number and trabecular thickness in the TS-RM group were significantly higher than those in the TS group. These results indicated that raloxifene at 1.25 mg/ kg/day protected the trabeculae against degradation in an environment lacking in biomechanical stimulation. Improvements in material (BMD) and micro-architectural properties of bone by raloxifene resulted in a better bone quality, which was revealed by the biomechanical test. The TS-RM group sustained a higher yield, ultimate and fracture load than the TS group, although such differences were not statistically significant. Raloxifene at 2.5 mg/kg/day (TS-RH) also showed a preventive effect against bone loss. There was no significant BMD reduction observed at the whole proximal tibia and at the total and cortical regions of the femur in this group, although a significant reduction of trabecular BMD was observed at the distal femur.
These results suggested that raloxifene, although it is a SERM, showed an osteoprotective effect in male animals with disuse osteoporosis. Its pharmaceutical effects on the prevention of bone loss in the state of weightlessness were comparable to those of alendronate. However, the molecular mechanism by which alendronate tackles osteoporosis development is different from that of raloxifene (31, 32) . This aspect should be confirmed by histomorphometry or gene expression in future studies.
The Food and Drug Administration (FDA) has approved three SERMs for clinical use thus far, and only raloxifene has been approved for the prevention and treatment of postmenopausal osteoporosis (33) . However, there remains a lack of studies revealing the efficacy of raloxifene on disuse osteoporosis. Using this tail-suspension rat model, the in-depth in vivo mechanisms by which raloxifene tackle disuse osteoporosis are due to be further investigated by means of, for instance, analyses of serum bone markers, histomorphometry, immunohistochemistry and observation of gene expression.
To the best of our knowledge, the present study has for the first time, demonstrated the preventive effects of raloxifene against bone loss in disuse osteoporosis using the tail-suspension rat model. With the administration of raloxifene, deterioration of both material and micro-architectural properties of unloaded trabecular bone were reduced significantly. The reduction of bone strength, however, is alleviated out after 28 days of treatment of disuse osteoporosis. This new animal model, suitable for male and female animals, could be conveniently used in future studies of therapeutic agents against osteoporosis.
